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in the last few years of the war. It is a 10 c.m. set of 400 K.W. power which 
can automatically track the balloon reflector. It can measure azimuth and 
elevation angles to 0.1° and proved quite a suitable set for wind-finding pur¬ 
poses; but the initial cost of these sets was almost prohibitive. 

The New Zealand Micro-wave Meteorological Radar, developed by the 
Dept. S.I.R., also operates on 10 cm., and has a power output of 200 JC.W., and 
a bearing and elevation accuracy of 0.25°. This accuracy is achieved by the 
use of a narrow beam—hence the large parabola, and by bisecting an arc 
scribed (or painted) on a long persistence P.P.I. tube. 

The chief advantage of radar methods over D.F. methods is that slant range 
is measured with considerable accuracy and so the vector error in wind determina¬ 
tion at extreme ranges is usually less than with D.F. methods. The economic 
aspect of lower operating costs is of considerable importance. Another advantage 
is the use of wind-finding radar sets for storm detection and though this has more 
immediate use in tropical latitudes it can still prove a very valuable tool to 
the meteorologists in temperate latitudes if suitable techniques are worked 
out. Generally warnings of the onset of extensive rain areas, especially those 
associated with cold fronts where there are usually strong convectional currents, 
can be obtained from upwards of 100 miles away. 

The chief disadvantage of radar methods, apart from their large initial 
cpst, is their rather limited range especially when using reflectors of moderate 
size. This defect can to some extent be overcome by the use of pulse-repeater 
equipment. This pulse-repeater equipment was developed for a rather special 
purpose, namely, to enable warships to make upper-wind observations readily 
and conveniently by using their existing radar installations. Three models 
were developed at 200, 700 and 900 megacycles respectively. The 200 mega¬ 
cycle model was specifically designed for use aboard weather and guard ships 
which carried only search radars incapable of measuring angles of elevation. 
The 200 megacycle pulse repeater was always used with a standard radiosonde 
so that height was obtained from the radiosonde measurements. The 700 and 
900 megacycle models were designed for tracking by fire-control radars, and 
thus elevation angle as well as range and azimuth angle was obtained; hence 
these pulse repeater equipments could be used by themselves. They could be 
followed for up to 100 miles, and, as slant range was always measured, the 
accuracy was considerably better than obtained with standard D.F. methods 
using the same frequency. 

In conclusion I would like to stress that the .design of electronic equipment 
for wind determination has by no means reached a static state, and new 
developments and designs are being tried out in many of the larger countries, 
particularly Britain and U.S.A. The latest British development in wind finding 
uses a microwave radiosonde which is triggered by a U.H.F. ground transmitter. 
In America, as mentioned previously, the development is towards straight 
direction finding on a centimetric radiosonde transmitter. 


A PRELIMINARY STUDY OF SOME RESULTS FROM THE 
RADIO-METEOROLOGICAL INVESTIGATION CONDUCTED 

IN CANTERBURY. 

By H. Davies, D.S.I.R., Ashburton. 

Introduction: The propagation of ultra high frequency electro-magnetic 
radiation near the surface of the earth is dependent to a large degree on the 
distributions of temperature and humidity in the first few hundred feet of the 
atmosphere. Some of the theoretical aspects behind this propagation are briefly 
considered, and it is shown how a particular climatic modification of the lower 
atmosphere can radically influence the propagation, more particularly in the 
region beyond the geometrical horizon of the transmitter, a space normally 
associated with the relatively weak diffraction field. 
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The particular modification is that which occurs when warm dry air flows 
out from land over a colder sea. The resulting distributions of refractive index 
with height in the first few hundred feet have been measured, and are such 
as to cause abnormally strong signals to be received well beyond the horizon 
of a transmitter. 

Orthodox Propagation: In an atmosphere in which the air is well mixed, 
the distributions of temperature and humidity with height result in a linear 
decrease of refractive index with height for all relevant values of height, of 
such a magnitude that the downward curvature of a ray in this space is approxi¬ 
mately one quarter of the earth’s curvature, a factor which increases the effective 
horizon of a source above the earth’s surface. Utilising the concept of modified 
refractive index which permits the treatment of the earth’s surface as a flat one, 
it follows that in a well-mixed atmosphere the modified refractive index increases 
linearly with height. 



Pig. 1—The Dependence of Refractive Index /i and Modified Refractive Index M 
* in well-mixed Atmosphere. 

' J At centimetre wave-lengths, both the earth and sea behave as almost perfect 
reflectors, aiid, therefore, under normal conditions the field distribution some 
distance from a transmitter will depend on height in the manner shown in Pig. 2. 



Above the horizon, the normal lobe structure is evident, due to the inter¬ 
ference of the direct and reflected rays. The calculation of the lobe positions must 
take into account the slight bending of rays in the atmosphere. The fact that the 
minima of field strength are not zeios is due to a divergence factor introduced 
by the sphericality of the eaith. 

Below the horizon is the diffraction field, decreasing in intensity as the 
height becomes smaller. The scale of the lobe structure and the diffraction curve 
will, of course, depend on the height of the transmitter, the wave-length of the 
radiation, and the separation distance of tiansmitter and receiver. 

It will be seen below how it is possible to achieve well below the horizon 
field strengths comparable with that existing above the horizon. 

Anomalous Propagation: It is well known that certain temperature and 
humidity distributions in the lower atmosphere result in a modified refractive 
index distribution which, over a limited height called the height of the radio 
duct, is conducive to the downward bending of rays. The dependence of modified 
refractive index on these two meteorological quantities is such that a tempera¬ 
ture excess and a specific humidity deficit near the surface will provide the 
necessary variation in modified refractive index. 
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Fig. 3 —The Potential Temperature and Specific Humidity Distributions 
Resulting* in the Formation of a Surface Duct. < - 

Employing the ray theory of propagation, it can be shown* that under 
these conditions a certain amount of the energy from the transmitter is trapped 
in the duct, and will result in abnormally strong fields well beyond the horizon, 
if, of course, the duct extends as far as this. 

Mode Theory of Propagation in a Duct: The ray-theory treatment of super- 
refraction in the atmosphere, which consists in considering rays, being refracted 
down to the surface, reflected, refracted back once more to the surface, reflected, 
and so on, immediately recalls the propagation of ultra high frequency radiation 
along a waveguide. 

There exists between the two situations quite a useful analogy. The passage 
of a transverse electric wave of the H on type down a waveguide may be regarded 
as being accomplished by the successive reflection of a plane wave at two opposite 
walls of a guide. The pattern of electric field or distribution of field across the 
guide is determined by the guide dimensions, the wave-length, and the. angle 
of reflection. The boundary conditions permit only a finite number of discrete 
angles of reflection to be assumed; to, each there corresponds a certain field 
pattern, called a mode of propagation. Some of these distributions are shown 



Fig. 4—Modes of Propagation in Waveguide. 

Now consider the propagation of horizontally polarised radiation in an 
atmosphere, the modified refractive index of which decreases linearly with height. 
A plane wave starting at some small angle will be refracted and ultimately return 
to the earth’s surface, where it is reflected. Compare this process with the wave¬ 
guide mechanism. The surface of the earth or sea acts like the bottom side 
of the waveguide, and the function of the other side is performed by the refractive 
properties of the medium. 



Fig. 5—Modes of Propagation in an infinite Radio Duct. 


See succeeding paper. 
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Exactly as in the waveguide there exist definite modes of propagation or 
'patterns of electric field which travel immediately above the surface; some of 
-the distributions‘are shown in Eig. 5. 

At the earth’s surface, the field is zero for all the modes, but there is no 
-well-defined upper limit to the field as there is in a waveguide. Another essential 
-difference between the two cases is that the energy associated with each mode 
is not piincipally confined to the same track-width for all modes. The track-width 
increases with inode number, but depends also on the wave-length and the lapse- 
xate of refractive index. 

The atmosphere chosen as an example is a very artificial one, since the 
dM 

region of negative - is usually confined to a few hundred feet. Because of 

dh 

the dependence of traclc-widtli on wave-length and mode number, only the low 
-order modes for the smaller wave-lengths will be propagated without attenuation. 
Higher modes at these wave-lengths and all modes of greater wave-lengths will 
not be “flapped.” the energy associated with them leaking away from the top of 
the duct, the leakage increasing with mode number and wave-leiigth. This explains 
tlie fairly frequent occurrence of anomalous propagation at 1 centimetre wave¬ 
lengths. 

Mathematical Treatment: The above solution is not directly applicable to the 
problem in general because, even if we assume stratification, i.e., the same M 
profile existing for all distances, the dependence of modified refractive index 
on height is not linear or bilinear. However, an attack via mode theory is still 
-extremely powerful, and although entailing not inconsiderable numerical work, 
the first and second mode solutions have been obtained for some simple profiles. 

For horizontally polarised radiation, the electric field vector E is contained 
in the wave equation 
6 2 E 6 2 E 

-1-f-k 2 !« 2 E = 0 . . .... (1) 

6x 2 Oh 2 

Where x is the horizontal co-ordinate, h is the height, k is the wave number, 
-and ft is the modified refractive index, dependent in some way upon the height h. 

A solution of this equation may be obtained in the form 

E = 2 a n U„(h)exp(—ik/i rt xcos 0 n ) .. .. (2)^ 

where is the value of fi when h = o. Each term of this solution in series 
represents a mode of propagation, and U n (h) is a solution of the one dimensional 
wave equation 
d 2 U n 

-f-k 2 (/i 2 —^ o 2 cos 2 0 n )U n = O .. .. .. (3) 

dh 2 

The boundary conditions U n (0) = O and U„(h)—> O as li oo permit only 
-discrete values of cos 0 n . These, the eigenvalues of the problem, may be 
real or complex, corresponding to trapped or leaky modes. Their computation 
and the evaluation of the associated eigenfunctions U n (h) provide a difficult 
problem for all distributions of refractive index except the very simplest. 

Undoubtedly, the assumption of stratification provides a convenient first 
-approximation, but it appears from the few observations we have obtained on 
advection ducts that the distribution of refractive index with height varies not 
inconsiderably with offshore distance, and that a final solution will have to 
take into account this dependence of modified refractive index on the two 
variables x and h. 

A Typical Advection Duct: That the types of temperature, humidity, and 
refractive index distributions which have been discussed do exist under certain 
meteorological conditions, and that they result in pronounced super refraction at 
centimetre wave-lengths, is evident from a set of observations obtained in Canter¬ 
bury in February of this year. 

A typically warm, dry, north-west wind was blowing steadily over the area 
of observations for the duration of the measurements. 

The temperature modification introduced by the sea surface may be studied 
in Fig. 6, which is a cross-section perpendicular to the coast and approximately 
in the direction of the wind. 

The average potential temperature of the air-mass over the land is T5°F., 
whereas over sea the potential temperature varies from 59 °F. immediately above 
the surface to 75°F. for the undisturbed upper layers. This modification, sharp at 
first, occupies a greater height as the offshore distance increases, but is com- 
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Fig. 6—Isopleths of Potential Temperature—0°F. 
24th Feb., 1947. 



Range in Kilometres. 

plicated by a variation in sea temperature. For the first 40 kms., the sea 
temperature is 59°F., then it drops steadily to a value of 54°F. at 80 kms., 

beyond which it appears to be maintained. 

The effect of evapoiation from the surface into the lower layers of the 
air-mass is shown in Fig. 7, similar to the previous diagram, but with specific 
humidity leplacmg potential temperature. The modification in this case how¬ 
ever, is not so well defined. ’ 



Lanol 



Physical Sciences. 83 ^ 


Fig. 8. —Isopletlis of Modified Refractive Index—M. 
24th Feb., 1947. 



Range in Kilometres. 

The resulting distribution of refractive index is given in Fig. 8. Above 700 ft., 
the modification caused by the sea surface is negligible even at great ranges, 
i.e., 120 kms. The duct height, i.e., the height of the M inversion, increases rapidly 
ith offshore distance, reaching a maximum height of 300 ft. at 60 kms., which 
is maintained for another 60 Ians, at least. 

The coast is a point of discontinuity, since the surface temperature and 
humidity both change radically here. With the variation of duct height with 
distance, there is also a considerable change in the shape of the M curve. Just 


Fig. 9.—Variation of Duct Shape with Distance Offshore. 






N.Z . Science Congress, 1947 . 


£® f" ct is vary intens ^ but also very iow > by intensity, we choose 
1 *+ chff ? rence between the surface value of M and the minimum value, 
-as tne distance increases, the intensity lessens. This is seen in Fig. 9. 

From calculations made for M profiles of roughly similar dimensions, it is 
reasonable to suppose that such a radio duct as the one encountered above is 
capable of considerable trapping of centimetre radiation. Such a prediction is 
completely borne out by field strength measurements made this day well beyond 
the geometrical horizon. These are given in Fig. 10, where for each of the four 
ransmitters the field strength in decibels above noise is plotted against height. 

? aVe ^.?’ useful absolute measure of these field strengths, the free 
stre ,? g J h . was estima ted by observing the lobe structure obtained 
irom the aircraft flying at constant height away from the transmitter. The level 

Ge S i^ C - e *\ e i d i? decibels above noise is inserted in each of the height gain 
curves of Fig. 10. Unfortunately, there is inherent in our method of observation 

y,* riatlon }*■ the height gain curves, but this we believe to be 
-outweighed by other considerations. ' 

Fig. 10.—Height Gain Curves obtained on Slant Descent. 

Range Change—2,000-1,000-50 ft. 

24th Feb., 194T. 67 - 90 -118 kms. 


X = 9.3 cms. 
Antenna ht. 
= 29ft. 


x = 9.3 cms. 
Antenna ht. 
= S8.5 ft. 


X — 3.2 cms. 
Antenna ht. 
= 29 ft. 


X — 3.2 cms. 
Antenna ht. 
= 88.5 ft. 
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Field Strength—Dbs. above Noise. 

9n -Refenins to the first height gain curve in Fig. 10, which is for a transmitter 
-29 ft. above sea-level operating at a wave-length of 9.3 cm., it is evident that at 
^ of 8° km the field above the horizon corresponds roughly to a lobe 

pattern, but below the horizon, instead of decreasing rapidly, a fairly constant 
signall level is maintained down to 100 ft., where there exists a small maximum! 

llie same effect is achieved on the other transmitters, one at the same heieht 
operating at 3-2em., and a similar pair of transmitters at a height of SS-.'Ht 
above sea-level. The absence of any radical change in the height gain curves 
due to the change of transmittei height is not surprising, since both transmitters 
are well within the radio duct. Only if the transmitters were placed well above 
lppr^fiably W ° Ul<i ^ fl ® ld stren " th wel1 beyond the horizon be diminished 

, ^though it is not possible at this stage to predict completely the field 
strength variation with height associated with a given field of modified refractive 
index, we are permitted one or two general deductions. 

__ _ £™ Pa w tio ? beyond tbe horizon performed by the first mode alone, 

we would expect to have a maximum somewhere in the duct, e.g., 100ft but 
-above the duct the signal would be expected to fall off rapidly with height only 
increasing again as the horizon is approached. This decrease above the diet is 
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non-existent in our ease. This may be due to the presence of a number of trapped! 
modes, or the fact that the energy associated with the large number of leaky* 
modes will escape from the duct into the region above it. Of course, the decrease* 
in intensity of the duct with distance will undoubtedly result in some departure* 
from the classical picture of mode propagation in a radio duct. 

Home General Conclusions: It appears that under north-west conditions im 
Canterbury, the necessary changes of temperature and humidity near the sea 
surface are sufficient to cause very considerable superrefraction on wave-lengths- 
of 3 and 10 cm. 

The excess of upper air potential temperature over the surface temperature* 
is frequently of the order of 15-25°F. and the humidity deficit often 5 gms/kgm.- 

Although it has been our misfortune to examine only a few advective situa¬ 
tions, it would appear that the radio duct extends to at least 150 km. offshore,, 
although its effect, i.e., its ability to cause trapping of radio energy, is much 
weakened at this stage. The maximum height of the modified refractive index, 
inversion is of the order of 300-500 ft., and is attained within the first 40-60 km.. 

Obviously such figures will vary with the wind speed and wind profiles, the 
warmth and the dryness of the nor’-wester, and the sea temperature, but they 
are, we think, generally illustrative of the conditions which do occur. The situa¬ 
tion is sometimes complicated by the presence of an onshore sea breeze, but this 
is usually confined by the offshore wind to a few miles each side of the coastline,, 
and the effect on propagation is small. A more complex set of conditions is 
provided when the north-west wind is kept aloft by a north-east wind which 
may extend in height up to a thousand feet. 

It is hoped that it will be possible to obtain an accurate correlation between! 
the modified refractive index distribution and the field strength dependence on 
height. This should make possible the prediction of propagation curves for' 
different frequencies and for various advective situations, and a correct assess¬ 
ment of the modifications intioduced by some of the simpler complicating factors, 
mentioned above. 
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SOME PROBLEMS AND TECHNIQUES INVOLVED IN THE. 
RADIO-METEOROLOGICAL INVESTIGATION CONDUCTED 

IN CANTERBURY. 

By R. S. Unwix, D.S.I.R., Ashburton. 

Summary: The phenomenon of superrefraction results in the trapping of 
ultra-high frequency electromagnetic radiation close to the earth’s surface. It 
is caused by abuoimal variations of temperature and humidity in the lower 
atmosphcie. lesulting in a sufficiently sliaip lapse rate of refractive index to cause 
lays to have a curvature greater than that of the earth. 

These conditions arise when warm dry air passing over a cooler sea surface 
is modified thereby, and an investigation is being conducted in Canterbury to* 
discover:— 

(a) The relationship of the distributions of refractive index in the 
atmosphere with the distribution of energy from a transmitter 
situated at various levels. 

(b) The laws governing the modification of the air mass. 

(c) A forecasting technique for determining the onset and intensity 
of superrefraction conditions from general synoptic data. 

The organization and general techniques adopted to achieve these results are 
discussed. 

Introduction: Superrefraction or anomalous propagation is a phenomenon 
associated with electromagnetic propagation in the troposphere, which has very 
nmiked and impoitant effects at the lower wave-lengths used in radar techniques*. 



